Abstract Acinetobacter calcoaceticus induced competence for natural transformation maximally after dilution of a stationary culture into fresh medium. Competence was gradually lost during prolonged exponential growth and after entrance into the stationary state. Growth cessation and nutrient upshift were involved in the induction of competence. The level of competence of a chemostat culture of A. calcoaceticus was dependent on the nature of the growth limitation. Under potassium limitation a transformation frequency of + 1 x 10 .4 was obtained. This frequency was independent of the specific growth rate. In phosphate-, nitrogen-, and carbon-limited chemostat cultures, in contrast, the transformation frequency depended on the specific growth rate; the transformation frequency equalled _+ 10.4 at dilution rates close to g,~a• of 0.6h -1 and decreased to _+ 10 -7 at a dilution rate of 0.1 h-L We conclude that (1) DNA uptake for natural transformation in A.
Baresi 1987)]. Competence for natural transformation is inducible in a number of naturally transformable organisms, since nearly every transformable organism has its own specific set of conditions that induces competence.
For instance, B. subtilis induces competence at the end of the exponential growth phase when grown on a mineral medium with glucose as a carbon source (Dubnau 1991) .
A. vinelandii induces competence also at the end of the exponential growth phase, but only if growth cessation is the result of an iron limitation (Page and yon Tigerstrom 1979). S. pneumoniae induces competence in response to growth in the presence of 1 mM calcium (Trombe et al. 1992 ). These are examples in which competence is induced in a certain phase of growth and in which the cells remain competent for only a relatively short period (e.g., S. pneumoniae remains competent for about 8 rain). In contrast, N. gonorrhoeae, Deinococcus radiodurans, Synechococcus and Chlorobium are competent throughout the exponential growth phase (Biswas et al. 1977 (Biswas et al. , 1989 Tirgari and Moseley 1980; Ormerod 1988; Essich et al. 1990; and Wahlund and Madigan 1991) . Acinetobacter calcoaceticus is a gram-negative and metabolically versatile organism (Juni 1978) . Some A. calcoaceticus strains are naturally transformable (Juni and Janik 1969; Ahlquist et al. 1980) . Of these, strain BD413 is suitable for use as a model system to study natural transformation in gramnegative bacteria because high transformation frequencies can be obtained and the organism is easily grown into the competent state (Juni and Janik 1969; Juni 1972; Sawula and Crawford 1972; Palmen et al. 1993 ). Nevertheless, with respect to competence development, conflicting observations have been reported (compare Juni 1978 and Cruze et al. 1980 ). The biological function of natural transformation has not yet been elucidated. It has been suggested that natural transformation has a function in (1) horizontal gene transfer (Redfield 1988; Elgar and Crozier 1988) , (2) repair of DNA damage (Bernstein et al. 1981; Michod et al. 1988) , and (3) nutrient supply (Stewart and Carlson 1986) . A better understanding of the physiological regulation of competence induction may help to reveal its biological function. The differences in conditions necessary for induction of competence between different organisms suggests that the function of natural transformation varies among transformable bacteria. In this study we characterized the physiological regulation of competence development in A. calcoaceticus.
Materials and methods

Bacteria, media and chemicals
The Acinetobacter strains used in this study were the wild-type strain BD413 (Juni 1972 ) and transformation-deficient strain AAC211 (Palmen et al. 1992) . Luria-Bertani medium (LB) and LB-agar were prepared as described previously (Vosman and Hellingwerf 1991) . Acinetobacter minimal medium and minimal agar, prepared according to Juni (1974) , contained 30raM lactic acid, 11 mM KH2PO4, 95raM NazHPO4, 0.81 mM MgSO4, 37raM NH4C1, 0.068raM CaC12, 1.8girl FeSO4. The pH of the medium was 6.8.
DNA isolation
Chromosomal DNA was isolated as described by Vosman and Hellingwerf (1991) . Plasmid DNA was isolated according to the method of Ish-Horowicz and Burke (1981) .
Transformations
For transformations, a 0.5-ml culture sample was incubated with approximately 2gg pAVA213-8 DNA for 60min at 30~ After incubation, 50~g of DNaseI (stock solution: 5mg/ml) was added to prevent further DNA uptake. The transformation mixture was incubated for an additional hour to allow expression of the kanamycin marker, pAVA213-8 is a pUC18-based plasmid containing a 6.4 kb chromosomal DNA fragment from A. calcoaceticus in which an nptII gene (encoding kanamycin resistance) has been inserted (Palmen et al. 1992 ). The total size of the plasmid is 10.5 kb. Due to the non-replicative character of pAVA213-8 in A. calcoaceticus, transformants are only formed after integration of the kanamycin marker into the recipient's chromosome, which is facilitated by homologous A. calcoaceticus sequences (3.5 and 2.9 kb) flanking the kanamycin marker (Palmen et al. 1992 ). Kanamycin-resistant transformants were selected on media containing 15gg kanamycin/ml. The viable count was determined on LBplates in parallel. Colonies were counted after 2 days' incubation at 30~ The transformation frequency was calculated as the number of transformed cells divided by the total viable count.
Reproducibility
The quantitative reproducibility of the transformation data is affected by (1) the level of competence reached in the separate batches of cells used in different experiments and (2) the scatter in the results obtained with equally treated samples from the same competent culture. To provide some insight to the variation that is 345 unavoidable between experiments, we calculated the mean and standard deviation of 11 transformations of A. calcoaceticus with pAVA213-8 DNA. The observed transformation frequencies ranged between 1.6 x 10 _2 and 9.9 x 10 -2, with a mean of 5.6 x 10 2 and a standard deviation of 2.9 x 10 -2. The variation between the transformation frequencies within one competent culture was much smaller. To demonstrate this, we analyzed the transformation frequency from five transformations obtained with the same competent culture. The transformation frequency ranged between 4.3 • 10 3 and 5.6 x 10 -3, with a mean of 5.1 x 10 .3 and a standard deviation of 5.4 • 10 -~. Thus, the variability between separate batches of competent cells was much larger than within the same batch of competent cells.
Chemostat experiments
The chemostat media contained the following salts: l lmM KH2PO4, 95mM Na2HPO4, 0.81mM MgSO4, 37mM NH4C1, 0.068 mM CaC12, 1.8 NM FeSO4 and 1 ml trace element solution/1. Trace element solution (pH 6.5) contained the following per 1:50 g EDTA, 5 g FeSO4.7H20, 1.6g CuSO4.5H20, 5 g MnC12.4H20, 1.1 g (NH4)6MoTO24-4H2 O, 2.2g ZnSO4-7H20, 50mg H3BO4, 10mg KI, 50 mg COC12.6H20. To obtain a carbon-limited culture, 20 mM lactic acid was added. For nitrogen limitation, only 3 mM NH4C1 was added together with 60raM lactic acid. Potassium limitation was obtained by adding only 50 gM KH2PO4 and 30 mM Na2HPO4 together with 60mM lactic acid. A. calcoaceticus BD413 was grown at 30~ The chemostat experiments were performed in Bioflo model C30 fermenters (New Brunswick, Edison, NJ, USA). The pH was kept at 7.0 by titration with 1 N HC1 or 1 N NaOH, depending on the limitation used. The working volume of the culture vessel was 300ml. The cultures were aerated at a flow of 1.61 air/min, with a stirring rate of 400rpm. Constant values for the optical density and transformation frequency indicated that steady state had been reached. In general, the chemostat features were as described by Veldkamp (1976) .
Turbidostat experiments
A. calcoaceticus BD413 was grown at 30~ in an aerated culture vessel with a volume of 60ml and stirred at 200rpm. The pH was kept at 7.0. The optical density of the culture was measured spectrophotometrically via a high-flow rate bypass at a wavelength of 540 nm in a 1-cm flow cell. The spectropbotometer reading controlled the medium supply rate. The optical density at 540 nm was set at 0.5 or 0.1. The medium contained 60mM sodium lactate, 40 mM potassium phosphate buffer pH7.0, 0.81 mM MgSO4, 37 mM NH4C1, 0.068 mM CaC12, and 1.8 gM FeSO4.
Pulse experiments
Cells were grown in a potassium-limited chemostat at a dilution rate of 0.2 h -~ , at 30C and pH 7.0. Steady state cultures were pulsed with excess amounts of KC1 (0.5 or 10mM, final concentration). To pulsed growing cells, the KC1 was added just before the medium pump was arrested. To test the effect of growth cessation prior to the nutrient upshift, steady state cells were pulsed after the medium pump had been stopped (with a delay varying between 0 and 45 min).
Results
Competence for natural transformation in Acinetobacter calcoaceticus is maximally induced after dilution of an overnight culture into fresh mineral medium (Palmen et al. 1992 (Palmen et al. , 1993 . A transformation frequency of 5 x 10 5 is routinely obtained using the integrative plasmid pAVA213-8 as transforming DNA and selecting for kanamycin-re- i.e., almost a 1,000-fold decrease after 4 days of exponential growth at the maximal growth rate (gmax). sistant transformants. Cultures remain competent during the entire exponential growth phase and lose competence in the stationary phase (Palmen et al. 1993) . Cells stationary for approximately 4 days still readily induce competence upon dilution into fresh medium (Fig. 1) . Growing Acinetobacter in a rich medium (such as LB medium) shows that the transformation frequency already starts to decrease during the exponential growth phase and proceeds during the stationary phase (Fig. 1) . The increase in transformation frequency between 30 and 95 h of incubation may be the result of an increased viability of competent cells compared to non-competent cells (the viable count at t = 95 h decreased tenfold compared to t = 24 h). Alternatively, it may be the result of limited induction of competence due to growth on nutrients liberated by lysed cells.
The decrease in transformation frequency of exponentially growing cells may indicate that the competence level of the culture decreases during exponential growth. To test this hypothesis, Acinetobacter was cultured with an extended exponential growth phase via two independent culturing techniques.
Steady-state batch cultures
In the first system, extended exponential growth was obtained by repeatedly diluting an A. calcoaceticus BD413 culture into fresh, prewarmed mineral medium as soon as an OD540 of 0.1 was reached. Under these conditions the cells grew exponentially in a more or less constant environment for 4 days and the transformation frequency gradually decreased from 5 x 10 .2 initially, to 7 x 10 -5, Turbidostat cultures A second system that allows A. caIcoaceticus to grow exponentially at P~ax for an extended period is the turbidostat. In a turbidostat the optical density is kept constant by control of the medium flow through the culture vessel, allowing the organism to grow virtually at its maximum growth rate. During the batch period in the turbidostat, Acinetobacter displayed the characteristic high transformation frequency (Fig. 2) . After the OD reached the setpoint, fresh medium was supplied and the culture was maintained at a constant optical density. During the resulting prolonged exponential growth phase, at a growth rate of more than 95% of Pro,• the transformation frequency decreased from 10 a to 10 -3, wh]ch is a 100-fold decrease in transformation frequency after 3 days of exponential growth. It has not been possible to grow Acinetobacter in the turbidostat for a longer period due to technical problems with cell aggregation. Decreasing the setpoint for the optical density from 0.5 to 0.1 did not solve this aggregation problem. Nevertheless, this experiment confirms that exponential growth at rates near gm~x results in a gradual decrease of competence. The conclusion from the steady-state batch and turbidostat experiments must be that the level of competence is strongly reduced in exponentially growing A. calcoaceticus cultures.
Chemostat cultures
For a better understanding of the physiological regulation of competence induction, the effect of different growth limitations on the expression of competence was studied in the chemostat. Again, the level of competence ex- calcoaceticus BD413 was also characterized with respect to the effect of variation of the dilution rate. The cells were grown under nitrogen, carbon, phosphate, or potassium limitation to determine also the effect of different growth limitations on the expression of competence. The results of these experiments are summarized in Fig. 3 . The transformation frequency of an A. calcoaceticus culture was low (10 7-10-6) at low dilution rates when grown under nitrogen, carbon, or phosphate limitation. The response of nitrogen-, carbon-and phosphate-limited cultures to an increase in dilution rate appeared to be very similar. The transformation frequency increased exponentially with the dilution rate up to about 104 at a dilution rate of 0.6-0.7 h -1. However, when A. catcoaceticus was grown under potassium limitation, the transformation frequency was independent of the dilution rate. Under this limitation, the mean transformation frequency equalled 2.2 x 10 .4 (SD = 1.1 x 10-4; n = 10) overall. Elsewhere, the idea has been brought forward that the biological function of the natural transformation process is to provide the cell with nutrients (Stewart and Carlson 1986) . In the chemostat, the specific growth rate of the cells is dictated by the supply rate of a growth-limiting nutrient and at lower dilution rates the limitation becomes more and more stringent. It was of interest to know if Acinetobacter is able to use internalized DNA as a source of carbon, nitrogen, or phosphate for growth. To determine whether or not A. calcoaceticus is able to use DNA as a nutrient source, strain BD413 and transformation deficient mutant AAC211 (Palmen et al. 1992) were incubated in media in which growth is limited by the carbon, nitrogen, or phosphate source. The addition of either a fivefold saturating amount of DNA (approximately 5 gg/ml) or the same amount of DNA after digestion with DNase to these cultures did not result in growth under carbon and nitrogen limitation. Although the nitrogen-limited culture did not grow after addition of DNA, it did take up DNA as was concluded from the (low) number of transformants observed. The phosphate-limited cultures did grow after addition of DNA, but also after addition of the same amount of DNA hydrolyzed into nucleotides. Also, the phosphate-limited culture took up DNA, as indicated by the formation of transformants. To test whether DNA uptake is necessary for growth under phosphatelimited conditions, the transformation deficient strain AAC211 was used to assay the effect of DNA addition. After dilution of a phosphate-limited culture into medium without added phosphate, the cells still grew at a low rate, probably due to contamination of the medium with residual phosphate. Addition of DNA or nucleotides to fresh medium at the time of dilution did not affect the growth rate. It did, however, affect the final OD of the culture. When the phosphate-limited culture became fully depleted for phosphate and stopped growing, the phosphate limited cultures with added DNA or nucleotides continued to grow. From the transformation assay it was concluded that DNA is not taken up by AAC211 [as was expected since this strain is fully transformation-deficient and does not take up radioactively labelled DNA (unpublished results)]. The addition of DNA or nucleotides resulted in an increased availability of phosphate that facilitated further growth, although without taking up DNA. This means that the added DNA and the nucleotides served as an external source of phosphate. Phosphate may be liberated by the action of phosphatases. The amount of DNA added (5 gg/ml cells) contains only a limited amount of carbon and nitrogen compared to the requirement of the organism and therefore will not result in visible growth of the culture in the case of the carbon-and nitrogen-limited cultures. However, the DNA was added at a fivefold saturating concentration, which means that the DNA that is taken up will not be sufficient to provide the organism with carbon and nitrogen in amounts necessary to support significant growth. The conclusion from these experiments therefore must be that DNA does not provide Acinetobacter with carbon, nitrogen, or phosphate as a sole source for growth.
Pulse experiments
Dilution of an overnight culture into fresh medium triggers competence induction. Upon dilution, cells encounter high substrate levels that allow the stationary culture to resume growth at a maximum rate. To test whether the re- lief of a growth limitation induces competence, cells were grown in a potassium-limited chemostat at a dilution rate of 0.2h 1 and after steady state was reached, the culture was pulsed with excess potassium, allowing the cells to resume unlimited growth at a maximal rate. The result of a typical experiment is shown in Fig. 4A . Potassium was added to growing cells just before interruption of the medium supply to a final concentration of 0.5 or 10raM. Both concentrations yielded similar results. After addition of potassium, the transformation frequency increased during the first30 min. Subsequently, it decreased again, probably due to cell growth without further expression of competence. The increase of the transformation frequency after pulsing with potassium was in the order of three-to fourfold. Thus, only a small increase in transformation frequency was observed after transfer of slowly growing, nutrient-limited cells to conditions with excess nutrient allowing growth at a maximal rate. Still, an overnight culture transferred into fresh medium transformed at a much higher frequency. Therefore, it was tested whether growth cessation is necessary before maximal levels of compe- tence can be induced. Again, this hypothesis was examined via a pulse experiment, but now potassium was added 30 min after interruption of the medium supply. Under these conditions, competence was expressed maximally after 60min (Fig. 4B) . The transformation frequency transiently increased from 7.3 x 10 4 to 2.2 x 10-4 (i.e., a 30-fold increase). Pulsing 45 min after interruption of the medium supply led to an increase in transformation frequency from 1.1 x 10 -5 to 1.2 x 10 -4, corresponding to a tenfold increase. The observed initial value of the transformation frequency in these pulse experiments varied between 7 x 10 -6 and 1 x 10 4. This kind of variation between different experiments is frequently observed. However, the variation within an experiment is much lower (Palmen et al. 1993) . This means that comparison of the absolute transformation frequencies between separate experiments is difficult, but the differences observed within an experiment are significant. When cells of a potassiumlimited chemostat culture were diluted 1:25 into fresh mineral or LB medium and were incubated for 3.5 h, allowing competence to be induced as in the standard procedure for competence induction, the transformation frequency increased 20-and 30-fold, respectively. This indicates that maximal induction of competence in potassiumlimited chemostat cells is only 20-to 30-fold, as observed in the pump-stop-pulse experiment. In a batch culture in a single step, the transformation frequency can easily increase 10,000-fold or more (Palmen et al. 1993) . To examine the effect of variation of the length of interruption of medium supply, samples (5 ml) of a potassium-limited chemostat culture were incubated in an Erlenmeyer flask (100ml) and pulsed with 10mM KC1 at different times after sampling (interruption of the potassium supply). The minimal time between pulsing and taking the sample at t = 0 was in the order of 2 to 5 min. This short interval between interruption of potassium supply and application of the pulse already resulted in maximum induction of competence (Fig. 5) .
Discussion
Our results (and those of Cruze et al. 1979) indicate that competence in Acinetobacter calcoaceticus is optimally induced after an increase in nutrient availability, preceded by cessation of growth. This contrasts with previous reports that suggested that competence for natural transformation in Acinetobacter was induced in the transition to the stationary phase (Juni 1978) . Induction of competence in Acinetobacter may well be quite similar to competence induction in Neisseria gonorrhoeae, Deinococcus radiodurans, Synechococcus, and Chlorobium (see Introduction).
The turbidostat and steady-state batch cultures showed that competence is continuously expressed, but that the level of competence gradually decreases in exponentially growing cultures. From this, it was expected that chemostat cultures could display a transformation frequency 1,000-fold lower than observed in batch cultures. The final level of competence of cells in the chemostat strongly depended on the growth conditions. First, the nature of the limitation was important. When Acinetobacter was grown under carbon, nitrogen, or phosphate limitation, the nutrient availability controlled the transformation frequency. The effect of the dilution rate was somewhat obscured by the occurrence of string formation at dilution rates higher than 0.4h -1, leading to an overestimation of the transformation frequency above these rates. At a dilution rate of 0.6h -i, 50% of the colony forming units are present as a string (with a mean size of 10 cells per string). Nevertheless, string formation cannot explain the effect of the dilution rate on the competence level. After maximal correction for string formation there still was an increase in the transformation frequency by a factor of 20 between a dilution rate of 0.1 h -1 and 0.6 h -1.
A disadvantage of the use of the transformation frequency to assay the level of competence is that a transformant is the result of not only expression of competence, but also of DNA uptake and integration -processes that might be affected by growth conditions. Therefore, it cannot be excluded that the observed decrease in transformation frequency in response to a decrease in dilution rate of the carbon-, nitrogen-and phosphate-limited cultures is not the result of a decrease in level of competence of the culture, but is a result of an increased use of internalized DNA as building blocks in the organism's metabolism, leaving tess DNA available for incorporation into the recipient chromosome. Although the DNA taken up cannot be used as a sole source for carbon, nitrogen, or phosphate, it may be used as additional nucleotide source for DNA synthesis, thereby relieving the nutrient flow towards nucleotide synthesis. However, the ceils require unequal amounts of carbon, nitrogen, and phosphate for growth. Furthermore, the C/N/P ratio of DNA is very different from the corresponding ratio of cell material. Therefore, the more or less identical response of the transformation frequency toward the dilution rate in chemostat cultures grown under such diverse limitations as for car-bon, nitrogen, and phosphate is not expected. In the future, parallel determination of the transformation frequency and the level of expression of competence, via a reporter-gene fusion, should reveal whether or not the transformation frequency is a reliable measure for competence. Such Acinetobacter strains are not available yet. Experiments with a Bacillus subtilis strain carrying a wild-type comK and an additional comK::lacZ fusion integrated in the chromosome at the amyE locus have shown a good correlation between the transformation frequency and expression of competence determined via b-galactosidase activity (Palmen et al. 1993 ; data not shown). Therefore, we interpret the observed decrease of the transformation frequency with decreasing dilution rate in the carbon-, nitrogen-and phosphate-limited chemostat cultures as a result of the nutrient availability on the expression of competence.
Potassium limitation imposes a severe drain on the energy supply in enterobacteria and forces organisms to maintain high respiration levels (Hueting et al. 1979; Crabbendam et al. 1985; Mulder et al. 1986; Pennock and Tempest 1988) . This may result in high levels of the free energy intermediates in the cell. A. calcoaceticus has potassium-uptake systems quite similar to those of enterobacteria (Siebers and Altendorf 1993) . Therefore, the chemostat data suggest that the transformation frequency of cells grown under potassium limitation may remain high -independent of the dilution rate -due to a high free energy load of the cells.
Interruption of the potassium supply of potassium-limited chemostat cells led to inhibition of growth and a subsequent potassium pulse resulted in an increased induction of competence. The minimal time interval required between holding the medium supply and addition of the substrate pulse leading to the increased competence was shorter than 2-5 min. It is not yet clear whether this time interval is long enough to stop growth completely. Studies using Escherichia coli have shown that growth of a potassium-limited chemostat culture does not stop immediately after interruption of the potassium supply (Mulder et al. 1988) . Rather, the growth rate of such an E. coli culture gradually decreases due to a reduced need for potassium at lower growth rates and a redistribution of potassium among daughter cells (Mulder et al. 1988) . However, the decrease in growth rate is only detectable at high growth rates, whereas our pulse studies were done with cells grown at low growth rates.
The observed regulation of competence induction may be interpreted as a consequence of the involvement of a promoter(s), which (1) reacts to nutrient upshifts and nutrient availability, (2) increases its response after cessation of growth, and (3) seems to be affected by the free-energy load of the cell. Surprisingly, competence regulated this way parallels the regulation of the E. coli fis promoter (Ball et al. 1992) . Fis is a DNA binding protein and is involved in regulation of site-specific recombination, transcription of rRNA and tRNA operons, and DNA replication (Ball et al. 1992) . Thefts promoter is activated upon a nutrient upshift in the lag phase of a batch culture and seems to act as an activator for growth when the cell encounters excess nutrient conditions (Augustin et al. 1994) . fis expression is repressed via autoregulation during exponential growth. In addition, thefts promoter is an example of a stringent promoter, showing decreased activity upon a decrease in growth rate (Vicente et al 1991; Ball et al. 1992 ). Thus, not only the effect of a decrease in competence during exponential growth, but also the dilution rate dependence of competence in the carbon-, nitrogen-and phosphate-limited chemostat cultures parallels fis promoter activity. The effect of a potassium limitation on Fis expression in E. coli has not yet been studied. Because of the observed analogies, it would be interesting to study the regulation offis expression in E. coli in a potassium-limited chemostat. Also, it would be relevant to know whether A. calcoaceticus contains afis-like gene.
Comparing the chemostat results of Acinetobacter with those we obtained with Azotobacter vinelandii and Bacillus subtilis (unpublished results), a large difference in expression of competence in response to the dilution rate was observed. A. vinelandii induced competence only in an iron-limited chemostat at dilution rates below 0.075 h -1 (gmax-0.25h-1), whereas B. subtilis induced competence under an anabolic limitation at a dilution rate of 0.2h -1 (~anax-0.75 h-i). In batch culture, both organisms induced competence in the transition from the exponential phase to the stationary phase upon nutrient limitation, which may explain the observed induction of competence of these organisms only at low dilution rates in the chemostat. Competence induction in B. subtilis is regulated via a complex phosphorylation cascade, which also has a connection to other cellular responses such as secondary metabolite formation and sporulation (Dubnau 1991) . From the data obtained so far, we do not think that such a complex regulatory pathway is present in A. calcoaceti-CUS.
The biological function of natural transformation in A. calcoaceticus is not to provide the cell with nutrients. First, DNA uptake did not provide A. calcoaceticus with carbon, nitrogen, or phosphate, at least not as a significant sole nutrient source for growth. Second, the regulation of competence development as a function of the stringency of carbon, nitrogen, and phosphate limitation was just opposite to what one would expect if the "nutrient supply hypothesis" would apply. The level of competence in these cultures decreased with decreasing nutrient availability. This means that natural transformation has a more genetic function in Acinetobacter. The DNA taken up may be used as a matrix to repair DNA damage, or natural transformation may be used as a means to exchange genetic information in horizonal gene transfer. In Neisseria gonorrhoeae, antigenic and phase variation are mediated by exchange of DNA via natural transformation (Gibbs et al. 1989) .
